Heavily B-doped SiGe thin films was reported to have large thermoelectric power and power factor at room temperature after annealing. In this paper, we investigated the structures that give rise to the large thermoelectric power and power factor. The thin films were prepared by ionbeam sputtering method. The annealing temperature dependence of structural properties was investigated. The thin films exhibited large thermoelectric power (1.4 mVK À1 ) and power factor (6:8 Â 10 À3 Wm À1 K À2 ) at room temperature after annealing at around 900 K. At that region, crystallite diameter was below 10 nm. The structure changed from amorphous to microcrystalline over 900 K. It is considered that quantum size effect enhances the thermoelectric power and power factor.
Introduction
In recent years, thermoelectric devices have been attracting considerable attention due to their ability to generate electric power from waste heat. Thermoelectric generation is thus an important technology for energy and environmental conservation. In addition, thermoelectric materials are expected to be used in silent and vibration-free refrigerators. The energy conversion performance of thermoelectric materials is evaluated by the non-dimensional figure of merit ZT, as expressed in eq. (1).
where T, , , and P are temperature, thermoelectric power, electrical resistivity, thermal conductivity and power factor, respectively. P is commonly used for materials such as thin films whose thermal conductivity is difficult to measure. As shown in eq. (1), superior thermoelectric materials require higher thermoelectric power, lower electrical resistivity and lower thermal conductivity, simultaneously. One of the criteria for practical materials is that the ZT is larger than unity. Then the thermoelectric device would have competitive performance with conventional power generator. Hicks and Dresselhaus theoretically predicted the possibility of improvement in thermoelectric properties with introducing multi-quantum well or nanowire. 3, 4) SiGe alloys are known to be excellent thermoelectric materials at high temperatures. Furthermore, nanostructural Si/Ge materials have higher thermoelectric properties than SiGe alloys. 5) It is reported that the large thermoelectric power (around 10 mVK À1 ) of heavily Au-doped SiGe thin films. 6, 7) The thermoelectric power of heavily Au-doped SiGe thin films is one order lager than that of Si/Ge, Bi 2 Te 3 / Sb 2 Te 3 and SrTiO 3 /SiTi 0:8 Nb 0:2 O 3 superlattices. [3] [4] [5] The high thermoelectric power was found to depend on the size of the microcrystals and the crystalline fraction. 7, 8) Heavily B-doped SiGe has good thermoelectric power at room temperature (around 10 mVK À1 ). 9, 10) The thermoelectric power is comparable to that of Au-doped SiGe.
The thermoelectric power of heavily B-doped SiGe varies with annealing. 9) Before annealing, the thermoelectric power of heavily B-doped SiGe is the same order as that of undoped crystalline SiGe (around 300 mVK À1 ). The thermoelectric power becomes large (around 10 mVK À1 ) after annealing at around 1000 K. Therefore, it is considered that the change of the structure of the thin films is important for high thermoelectric power. But, the structure and thermoelectric power which depend on annealing temperature have not been determined sufficiently.
In this paper, we focus on the effect of annealing temperature for thermoelectric properties and structure of heavily B-doped SiGe thin films. We discuss about the characteristic structure that give rise to high thermoelectric performance.
Experiments
SiGe thin film was deposited by ion-beam sputtering using Si and 10 at% B-doped Ge targets. An Ar ion beam current of 30 mA and an acceleration voltage of 500 V were generated by a Kaufuman ion source. The sample with multilayered structure was prepared by alternate sputtering of these two targets. The background pressure was 10 À6 Pa. The substrate was kept at room temperature during deposition. The detailed sample preparation procedure has been reported previously. 9, 10) The concentration of B in the Ge layer was measured with electron-probe microanalysis and it was about 6 at%.
As-deposited Si/GeB thin film had a superlattice structure that consisted of 25 periods of 3 nm Si layers and 1 nm GeB layers (i.e., [Si (3 nm)/GeB (1 nm)] Â 25 periods). The thickness of each sample was 103 nm in total, including a 3-nm-thick top Si layer to avoid Ge oxidation in air. The * 1 Graduate Student, National Defense Academy * 2 Graduate Student, Kanazawa University thickness of each layer was determined from the deposition rate of Si and GeB. Sapphire and SiO 2 were used as a substrate. The substrate was treated by organic cleaning.
The thin films were annealed in inert gas by using rapid thermal annealing (RTA) equipment. The annealing time of all samples was 15 min.
Thermoelectric power was measured at around 323 K by two-probe method. One side of the sample was heated to generate the temperature difference for thermoelectric power measurement. Average temperature of hot and cool side rose up to around 323 K during thermoelectric measurement. Electrical resistivity was measured at room temperature by four-probe method. The X-ray diffraction (XRD; Rigaku, Smart Lab) was measured with CuK radiation in the range of 20-80 degree at increments of 0.1 degree. The glancing angle between the incident X-ray beam and the film was fixed at 0.29 to eliminate the influence of the substrate. In order to investigate the condition of amorphous and crystal phases, Raman spectroscopy (Jasco, NR-1800) was measured. An Ar laser with 514 nm wavelength was used for excitation light source. Laser power for the measurement was 10 mW. Figure 1 shows annealing temperature dependence of thermoelectric power at room temperature. Thermoelectric power increased with increasing annealing temperature up to 900 K. Thermoelectric power had the maximum value (1.4 mVK À1 ) at 900 K. In the samples annealed over 900 K, thermoelectric power decreased with increasing annealing temperature. The thermoelectric power of samples annealed at 1173 K had under 0.1 mVK À1 . Thermoelectric power of asdeposited heavily B-doped SiGe is the same order as that of undoped crystalline SiGe (around 0.3 mVK À1 ). 9) Therefore, the optimum annealing temperature for high thermoelectric power would be around 900 K. Figure 2 shows annealing temperature dependence of electrical resistivity at room temperature. At higher than 900 K, electrical resistivity decreased with increasing annealing temperature. Figure 3 shows annealing temperature dependence of power factor at room temperature. Power factor showed variations in magnitude depending on the annealing temperature. The power factor had maximum value at around 900 K and decreased with increasing annealing temperature. This decrease is due to the decrease of the thermoelectric power. The maximum value was 6:8 Â 10 À3 Wm À1 K À2 at 900 K. This value is three times as large as the values reported for bulk SiGe ($1:9 Â 10 À3 Wm À1 K À2 ) at 400 K with a similar composition ratio of Si and Ge. 11) We focus on the structural properties of the thin film that has been annealed at around 900 K. Figure 4 shows XRD patterns of samples annealed at five different temperatures. The annealed sample at 897 K exhibits a broad XRD pattern, which implies that the film structure is amorphous. Samples annealed above 941 K have sharp peaks. For XRD patterns of crystallized thin films the highest diffraction peak was from the 111 plane of SiGe at about 2 ¼ 28: 4 . The other two observed peaks at 2 ¼ 47:1 and 55.7 correspond to the 220 and 311 planes of SiGe, respectively. In crystallized samples, all peaks were shifted to lower 2 relative to that of pure Si. The obtained data almost follows Vegard's law. It has been reported that laser-annealed crystallized Si 1Àx Ge x exhibit separate 311 Si and Ge peaks. 12) But the separation of peaks was not Structural Properties of Heavily B-Doped SiGe Thin Films for High Thermoelectric Powerobserved in this study. All peaks could not be separated into two peaks such as Si and Ge. So, microcrystallized film was composed of SiGe alloy. Figure 5 shows the annealing temperature dependence of crystallite diameter in the 111 plane. The crystallite diameter was calculated based on Scherrer's equation. The crystallite diameter of all crystallized samples was estimated to be below 10 nm. Crystallite diameter increased with increasing annealing temperature. This tendency is due to the progress of crystallization. Figure 6 shows Raman spectra for samples annealed at five different temperatures. The Raman spectra are very broad for samples annealed at 897-919 K, which indicates that these films are amorphous. This result agrees with the XRD results. The samples annealed at over 941 K exhibited two clear peaks. One peak was at about 420 cm À1 . This peak originates from the sapphire substrate. This peak was not observed in the spectra of the samples annealed below 919 K due to their lower transmission at the excitation laser wavelength (514 nm). The transmission of the samples annealed below 919 K at 514 nm was nearly 0%, whereas that of the samples annealed over 941 K was about 20%. The other peak was at around 500 cm À1 and was due to Si-Si vibrations. In the sample annealed over 941 K, broad peaks were obtained at 400 cm À1 and 290 cm À1 , which were attributed to Si-Ge and Ge-Ge vibrations, respectively. This indicates that the film is composed of a mixture of Si-Si, Si-Ge, and Ge-Ge bonds. The Ge-Ge peak is very broad and weak due to the low Ge content in the films.
Results and Discussion
13) The crystalline fractions of the thin films were estimated from the Si-Si bond.
14) The crystalline fraction of the samples annealed over 941 K was 30-50%. The crystalline fraction increased with increasing annealing temperature. Kodato estimated that the crystalline fractions of heavily B doped SiGe alloy films need to be in the range 30 to 90% to ensure both a large thermoelectric power and low electrical resistivity. 15) In Au-doped SiGe, the origin of high thermoelectric power was found to depend on the size of the microcrystals and the crystalline fraction. 7, 8) Heavily Pdoped porous Si was found to have a high thermoelectric power; its pores were 10 nm in diameter.
16) The large thermoelectric power of porous Si can be understood in terms of the change in the electronic properties due to quantum confinement in the nanosize silicon network that is formed by small pores. In this study, as-deposited samples have Si/GeB multilayered structure. The multilayered structure has been found to collapse after annealing even below 873 K. 17) After the collapse of multilayered structure, the thin films had large thermoelectric power and power factor. So, multilayered structure is not the origin of large thermoelectric performance. Large thermoelectric performance was observed when the crystallite diameters of the crystallized samples were below 10 nm. Quantum confinement in the nanosize SiGe might be occurring. In addition, the thermoelectric power and power factor decreased drastically with increasing crystallite diameter. Therefore, nanosize network is most probable explanation for the increase in the thermoelectric power of this sample.
Conclusion
We investigated the annealing temperature dependence of thermoelectric properties, and structural property of heavily B-doped SiGe thin films. The maximum value of thermo- Open triangles mean the diffraction peak position of Si. electric power and power factor was 1.4 mVK À1 and 6:8 Â 10 À3 Wm À1 K À2 at 900 K, respectively. The power factor is three times as large as the values reported for bulk SiGe ($1:9 Â 10 À3 Wm À1 K À2 ). The thermoelectric power and power factor decreased when the samples were annealed below or over 900 K. The characteristic structure annealed at around 900 K was a mixture of microcrystals and amorphous structures. The crystallite diameter was below 10 nm and the crystalline fraction was 30-50%. The thermoelectric power and power factor decreased drastically with increasing crystallite diameter. These results indicate that quantum size effect enhances the power factor of heavily B-doped SiGe thin films.
